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We have analyzed the expression and function of the Caenorhabditis elegans gene nhr-25, a member of the widely
conserved FTZ-F1 family of nuclear receptors. The gene encodes two protein isoforms, only one of which has a DNA binding
domain. nhr-25 is transcribed during embryonic and larval development. A nhr-25<GFP fusion gene is expressed in the
epidermis, the developing somatic gonad, and a subset of other epithelial cells. RNA-mediated interference indicates a
requirement for nhr-25 function during development: disruption of nhr-25 function leads to embryonic arrest due to failure
f the epidermally mediated process of embryo elongation. Animals that survive to hatching arrest as misshapen larvae that
ccasionally exhibit defects in shedding molted cuticle. In addition, somatic gonad development is defective in these larvae.
hese results further establish the importance of FTZ-F1 nuclear receptors in molting and developmental control across
volutionarily distant phyla. © 2000 Academic Press
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WINTRODUCTION
Nuclear receptors (NRs) are one of the most abundant
classes of transcriptional regulators in metazoans, function-
ing in a variety of developmental and physiological pro-
cesses (Gronemeyer et al., 1995; Kastner et al., 1995;
Mangelsdorf et al., 1995; Thummel, 1995; Sluder et al.,
1999). A highly conserved DNA binding domain (DBD)
composed of two Cys4 zinc-binding modules is the defining
R motif (Rastinejad, 1997). The transcriptional regulatory
ctivities of many NRs are modulated by the binding of
mall lipophilic ligands to a less highly conserved
-terminal ligand binding domain (LBD) (Simons, 1997).
Rs have been found in most major metazoan phyla, and
omparative sequence analyses have identified a number of
idely conserved NR families (Escriva et al., 1997; Laudet,
997).
The genome sequence of the nematode Caenorhabditis
legans has revealed .250 NR genes (Sluder et al., 1999).
ven though NRs represent the most abundant class of
ranscriptional regulators encoded in the C. elegans ge-
ome, biological functions have thus far been described for
1 To whom correspondence should be addressed at current ad-
dress: Cambria Biosciences LLC, 2 Preston Court, Bedford, MA
01730. Fax: (781) 275-6788. E-mail: asluder@cambriabio.com.
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omparative analysis demonstrated that 15 of the .250 C.
legans NRs belong to nine classes also conserved in
rthropods and vertebrates (Sluder et al., 1999; Gissendan-
ner et al., manuscript in preparation), while the remaining
are divergent from NRs known from other species. The
conservation of these 15 NRs implies that they will have an
important function in the nematode. One of these con-
served NRs is nhr-25, the apparent nematode ortholog of
ftz-f1.
FTZ-F1 was first identified in Drosophila melanogaster
as a protein that binds to promoter elements of the fushi
tarazu (ftz) gene (Ueda et al., 1990; Lavorgna et al., 1991),
and the aFTZ-F1 isoform is required for pattern formation
n the early Drosophila embryo (Guichet et al., 1997; Yu et
l., 1997). A second isoform, bFTZ-F1, functions during
etamorphosis in midprepupal stage-specific responses to
he hormone 20-hydroxyecdysone (Lavorgna et al., 1993;
oodard et al., 1994; White et al., 1997; Broadus et al.,
1999), though it is not one of the NRs comprising the
heterodimeric ecdysone receptor (Thomas et al., 1993; Yao
et al., 1993).
The mammalian ortholog of FTZ-F1 was independently
identified as a factor suppressing transcription of the Molo-
ney leukemia virus long terminal repeat in murine embryo-
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260 Gissendanner and Sludernal carcinoma cells (ELP; Tsukiyama et al., 1992) and as a
likely regulator of steroidogenic enzyme gene expression in
bovine adrenal glands (SF-1 or Ad4BP; Lala et al., 1992;
Honda et al., 1993). Homozygous ftz-f1 null mice lack
adrenal glands and gonads and die shortly after birth due to
adrenocortical insufficiency (Luo et al., 1994, 1995). Or-
hologs of ftz-f1 have also been identified in Xenopus,
hickens, and teleosts (Ellinger-Ziegelbauer et al., 1995;
udo et al., 1997; Liu et al., 1997). A second mammalian
ene, lrh-1, codes for an additional FTZ-F1-like protein
mplicated in the regulation of cholesterol homeostasis
Galarneau et al., 1996; Nitta et al., 1999).
The FTZ-F1 orphan receptors are one of the more ancient
R groups (Laudet, 1997) and, as noted above, have essen-
ial functions in both insects and vertebrates. Here we
escribe an analysis of a nematode ftz-f1 gene, demonstrat-
ng that it is required for epidermal and somatic gonad
evelopment and also participates in the regulation of
olting. Our results further establish the FTZ-F1 orphan
eceptors as key regulators of metazoan development.
MATERIALS AND METHODS
Molecular Biology
All molecular biology manipulations utilized standard protocols
(Sambrook et al., 1989). Oligonucleotide primers were obtained
rom Integrated DNA Technologies (Coralville, IA). DNA sequenc-
ng reactions were performed by the University of Georgia Molecu-
ar Genetics Instrumentation Facility. The sequences reported in
his paper have been deposited with the GenBank database (Acces-
ion Nos. AF179214, AF179215, and AF179216).
The nhr-25 cDNAs yk342d8 and yk175f2 were provided by Y.
Kohara (National Institute of Genetics, Mishima, Japan). Inserts
were recovered by polymerase chain reaction (PCR) amplification
using vector-specific primers. Amplification of an internal segment
of yk342d8, 39 of the DBD coding sequences, was accomplished
with the primers HG25-1 (59-[TAATACGACTCACTAT-
AGGGAGA]CCGAATAACAACATCATTCC-39; T7 promoter
sequences bracketed) and HG25-2 (59-[AATTACCCTCACTA-
AAGGGAGA]CACAAACATTCTATCAACCTC-39; T3 promoter
sequences bracketed). The product was used as a template for
sequencing (after gel purification) and RNA synthesis (without
purification).
For reverse transcription-PCR, L2-stage poly(A)1 selected RNA
was prepared as previously described (Sluder et al., 1999). First-
strand cDNA was produced by reverse transcription (RT) of 2 mg of
oly(A)1 RNA with AMV reverse transcriptase (Promega) using
random hexamer primers. One microliter of this RT reaction was
used as template in a 50-ml PCR employing the primers HG25-1
and CG-SL1 (59-GGTTTAATTACCCAAGTTTGAG-39). The
;1.4-kb product was gel purified and reamplified with primers
CG-SL1 and HG25-4 (59-AATGGCTCCTGTTTGACTTC-39) to
generate sufficient gel-purified product for sequencing.
Reporter constructs fusing green fluorescent protein (GFP) to
NHR-25 were designed to omit or truncate the NHR-25 DBD motif
to minimize the potential for dominant negative chimeric proteins.
The transcriptional fusion pCG5 was produced by cloning the
6.1-kb BglII fragment from the cosmid F11C1 into the BamHI site
of the GFP vector pPD95.69 (gift from A. Fire). The translational
Copyright © 2000 by Academic Press. All rightfusion pCG9 was generated in the vector pPD95.67 (gift from A.
Fire) by a PCR protocol (Cassata et al., 1998) employing the internal
primer MK-1 (59-[CCAATCCCGGGGATCCTCTAG]GCGTTT-
GAAGAAGCCCTGTA-39; GFP vector sequences bracketed) and
the upstream primer MK-2 (59-[CTTATCGCATGC]AGATGGCA-
GAAGTGGGTGAC-39; bracketed sequences provide a SphI re-
striction site). To minimize the potential for misleading results due
to PCR errors, two independent isolates of pCG9 (pCG9-2 and
pCG9-3) were utilized in transgenic expression studies.
To produce constructs for conditional overexpression of NHR-
25, nhr-25 sequences were cloned behind the promoter of the
heat-shock gene hsp16-2 (Stringham et al., 1992) in the vector
pPD49.78 (gift from A. Fire). pCG10 contains an XmaI–AvrII nhr-25
genomic fragment subcloned into the XmaI and NheI site of
pPC49.78, essentially replacing the nhr-25 promoter sequences
with those of hsp16-2 (see Fig. 6A) and permitting overexpression of
both NHR-25 isoforms. pCG11 allows overexpression of only the
NHR-25b isoform and was produced by excising the SmaI–SacII
restriction fragment spanning NHR-25a-specific sequences from
pCG10 and religating the remaining sequences following blunt-
ending of the SacII 39 overhang with T4 DNA polymerase. For
overexpression of only the NHR-25a isoform, nhr-25 cDNA se-
uences spanning exons 1–4 were amplified by RT-PCR using
rimers 25RT-5 (59-[CTTATCGGATCC](TTACCCAAGTTTG-
G)GCCTCC-39; bracketed sequences provide a BamHI restriction
ite, SL1 sequences in parentheses), which spans the SL1 trans-
plice site at exon 1, and 25RT-4 (59-TTCGGCCAGTTGTT-
TAGAAG-39), which spans the intron splice sites between exons
and 8. The 59 nhr-25 genomic sequences in pCG10 (from the
ector BamHI site to the PmlI site in exon 4; see Fig. 1C) were
eplaced with the amplified cDNA sequences to produce pCG12.
he DNA sequence was determined for the portion of pCG12
erived from the RT-PCR product to verify that PCR errors had not
een introduced into the construct.
Comparative Sequence Analysis
Multiple sequence alignments and neighbor-joining trees were
generated using the CLUSTAL W program (Higgins et al., 1996).
NR sequences used in the comparative analysis of NHR-25 were
selected to represent the major subfamilies defined by Laudet
(1997) and to provide a broad phylogenetic range. The highly
variable N-terminal “A/B” domain sequences (Gronemeyer et al.,
995) were not included in the analysis. The neighbor-joining
nalysis (1000 bootstrap replicates) utilized the Kimura adjustment
or multiple substitutions in protein sequences (Kimura, 1983) and
he CLUSTAL W gap omission option. Maximum parsimony
nalysis (1000 bootstrap replicates) of the same set of sequences
as performed using the PAUPsearch feature of the GCG software
ackage (Wisconsin Package Version 10.0, Genetics Computer
roup, Madison, WI). The topologies of the neighbor-joining and
aximum parsimony trees were similar; the neighbor-joining tree
s presented in Fig. 2.
The species represented in the analyses presented in Figs. 1 and
are Bm, Bombyx mori; Br, Brachydanio rerio (zebrafish); Ce, C.
elegans; Dm, D. melanogaster; Gg, Gallus gallus (chicken); Hs,
Homo sapiens; Me, Metapenaeus ensis (shrimp); Tm, Tenebrio
molitor; Xl, Xenopus laevis. GenBank accession numbers for the
sequences included are BmFTZ-F1-D10953, BrFTZ-F1-AF014926,
DmE75A-X51548, DmEcR-M74078, DmFtz-F1-M63711, DmHNF4-
pir:S36218, DmHR3-M90806, DmHR38-X89246, DmHR39-
L06423, DmHR78-U36791, DmSVP-M28863, DmTLL-M34639,
s of reproduction in any form reserved.
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261Nematode ftz-f1 OrthologDmUSP-X52591, GgLRH1-AB002403, GgSF1-AB002404,
HsCOUPI-X16155, HsER-X03635, HsERR1-X51416, HsFXR-
U68233, HsGCNF-U64876, HsGR-M10901, HsHNF4-X76930,
HsLRH1-U93553, HsNGFI-B-L13740, HsPPARg-Z30972, HsRARg-
M24857, HsREVERBa-X55066, HsRORa-U04898, HsRXRa-X52773,
HsSF1-U76388, HsSXR-AF061056l, HsTLL-Y13276, HsTR4-L27586,
HsVDR-X67482, MeFTZF1-AF159132, TmHR4-AJ005685, and
XlFTZF1a-U05001.
Northern Analysis
mRNA was purified from staged nematode cultures as described
(Sluder et al., 1999). Denaturing formaldehyde gel electrophoresis,
lotting to Hybond-N nylon membrane (Amersham Corp.), blot
ybridization, and high-stringency washing were performed using
tandard protocols (Sambrook et al., 1989). The radiolabeled ribo-
probe was generated from the yk342d8 PCR product using the
Strip-EZ RNA System from Ambion, Inc. (Austin, TX). After
exposure to film and stripping, the blot was reprobed with a cDNA
clone for the actin gene act-1 (Krause et al., 1989).
nhr-25 Isoform RT-PCR Analysis
Staged nematode cultures were generated as described (Lewis et
l., 1995), except that L1s were fed for 6 h prior to harvesting. Total
NA was purified from these staged cultures by TRIZOL extrac-
ion (Life Technologies), according to the manufacturer’s protocol.
irst-strand cDNA from these staged cultures was produced by
everse transcription of 1.2 mg of total RNA with AMV reverse
transcriptase (Promega) using random hexamer primers. Serial
dilutions of 1/10, 1/100, and 1/1000 were generated from the RT
reaction and 1 ml of each dilution was used as a template in a 25-ml
PCR.
A nhr-25a-specific primer (25RT-1, sequence the same as
5RT-5 without the BamHI site) spanned the a SL1 trans-splice
site at exon 1. A nhr-25b-specific primer (25RT-2, 59-
CCAAGTTTGAG)GGCTTCTTCA-39, SL1 sequences in paren-
heses) spanned the b SL1 trans-splice site at exon 3. The nhr-25a-
specific PCR utilized primers 25RT-1 and 25RT-4 (expected
product size 900 bp) and the nhr-25b-specific PCR utilized primers
25RT-2 and 25RT-4 (expected product size 765 bp). 25RT-4 (de-
scribed above) spans the intron splice sites between exons 7 and 8.
Therefore, these PCRs amplify cDNA but not nhr-25 genomic
DNA. For both reactions, cycling was performed as follows:
94°C—2 min; 94°C—10 s, 56°C—30 s, 72°C—1 min for 35 cycles;
72°C—5 min.
To allow a general comparison of the relative levels of expression
in different stages, RT-PCR amplification of mRNA from the
ama-1 gene (encoding the largest subunit of RNA polymerase II)
was used as a loading control (Johnstone et al., 1996). The ama-1
primer sequences are 59-AAAGAAGGTCGCAGGTGGATG-39
(forward) and 59-GAGTGATGAGTTGTCTCGGCA-39 (reverse).
Both of these primers span intron splice sites. The PCR conditions
were the same as described for nhr-25a and nhr-25b.
Control PCRs for nhr-25a, nhr-25b, and ama-1 were performed
ith known amounts of template so that the efficiency of the PCR
ould be determined. The nhr-25a and nhr-25b reactions exhibited
quivalent efficiency, and both were approximately 10-fold more
ensitive than the ama-1 reaction in the amount of template
etected (data not shown).
Copyright © 2000 by Academic Press. All rightTransgenic Nematode Strains
Reporter constructs. The wild-type C. elegans strain N2 (Bren-
ner, 1974) was transformed by microinjection of 20 mg/ml reporter
construct and 100 mg/ml of the marker plasmid pRF4 (Mello et al.,
995). The following extrachromosomal transgenic arrays were
enerated: bearing pCG5—atEx20, atEx21, atEx22, and atEx23;
earing pCG9-2—atEx32 and atEx33; bearing pCG9-3—atEx34 and
tEx35. Multiple animals were examined from each transgenic
train. All transgenic lines exhibited similar GFP expression pat-
erns, and atEx32 and atEx35, which had the highest frequencies of
meiotic transmission, were selected for detailed characterization.
To obtain a transgenic line in which the atEx22 transgene was
stably transmitted to all progeny, the extrachromosomal array was
chromosomally integrated using gamma irradiation (Mello et al.,
1995). One integrated transgene, atIs13, was recovered, and the
strain was outcrossed twice to N2. Cells were identified based on
position, morphology, and, for seam cell progeny, lineage analysis.
Heat-shock constructs. pCG10 and pCG11 were microinjected
at a concentration of 5 mg/ml, generating the transgenic arrays
atEx40 and atEx41 for pCG10 and atEx42 and atEx43 for pCG11.
pCG12 was injected at concentrations of 5 mg/ml (atEx44 and
atEx45) and 10 mg/ml (atEx46 and atEx47). For all transgenics, 100
mg/ml pRF4 was co-injected as a marker. Control transgenics
(atEx48 and atEx49) were generated by injecting 5 mg/ml pPD49.78
ector alone along with 100 mg/ml pRF4.
To assess the effects of nhr-25 overexpression, a 3-h egg lay from
transgenic adults was collected at 20°C. The collected embryos
were aged for another 3 h at 20°C, then placed at 32°C for 45 min.
After the heat shock, embryos were allowed to recover overnight at
25°C, and the animals were then assessed for lethality (failure to
hatch) and morphological abnormalities.
Double-Stranded RNA-Mediated Interference with
Gene Function (RNAi)
Single RNA strands were produced with the Ambion MEGA-
script T3 and T7 in vitro transcription kits, using as template the
G25-1/HG25-2 PCR product that lacked sequences encoding the
BD motif (see above). A nhr-25a-specific template was generated
y RT-PCR using primers 25RT-T7 (59-[TAATACGAC-
CACTATAGGGAGA]TTACCCAAGTTTGAGGCCTCC-39, T7
romoter sequences in brackets) and 25RT-T3 (59-[AATTACC-
TCACTAAAGGGAGA]GTTTGAAGAAGCCCTTGCAAC-39,
3 promoter in brackets. These primers amplify the nhr-25a-
specific exons 1 and 2. To obtain double-stranded RNA (dsRNA),
equal volumes of the T3 and T7 reactions were mixed and then
incubated at 68°C for 10 min followed by 37°C for 30 min. The
dsRNA (1–2 mg/ml) was injected into the syncytial regions of both
distal gonad arms of L4 or young adult N2 hermaphrodites. Control
animals were injected with transcription reactions that contained
no template. To assess the effect of nhr-25 RNAi on males,
him-8(e1489) (Hodgkin et al., 1979) hermaphrodites were injected.
JAM-1<GFP expression in nhr-25(RNAi) embryos was assessed by
examining the F1 progeny of injected hermaphrodites of the strain
SU93, which bear a chromosomally integrated jam-1<GFP trans-
gene (Mohler et al., 1998).
Following a 6- to 12-h purge period to remove embryos unlikely
to have received a full dose of dsRNA, injected hermaphrodites
were placed on individual NGM plates for embryo collection.
Animals were allowed to lay eggs for four 8- to 16-h intervals. At
the end of each lay interval, parents were transferred to new plates
s of reproduction in any form reserved.
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262 Gissendanner and Sluderand eggs were counted. Embryonic arrest (failure to hatch) was
assessed 18–24 h after the end of the lay interval. Larval growth
was monitored daily, and larvae that did not progress to the adult
stage by 3 days posthatch were scored as arrested. For some plates
the sum of total larvae and arrested embryos was less than the
initial number of eggs laid, most likely due to the disintegration of
arrested animals that began within ;24 h. This difference is
reported as a “missing” progeny class.
RESULTS
nhr-25 Gene Structure
nhr-25 was initially identified by the C. elegans Genome
Sequencing Consortium as the predicted open reading
frame F11C1.6. To verify the gene structure, we determined
the complete sequence of the cDNAs that corresponded to
the expressed sequence tags yk342d8 and yk175f2 (see
Materials and Methods). The sequence data confirmed most
of the splicing pattern predicted by the genome project,
revealing differences only at the 59 ends of the cDNAs.
Many transcripts in C. elegans have a 22-nucleotide RNA
leader sequence, SL1, trans-spliced to the 59 end of the
RNA (Blumenthal et al., 1997). By RT-PCR amplification,
hr-25 transcripts were shown to be spliced to SL1. There
re two nhr-25 mRNA transcripts, based on the cDNA and
T-PCR sequence data (Fig. 1A). Both transcripts are SL1
rans-spliced and are identical except that the first two
xons of the a transcript are not present in the b transcript.
n the b transcript the first ATG of the open reading frame
is downstream of the sequences encoding the NHR-25
DNA binding domain. Therefore, the predicted NHR-25b
protein isoform lacks the DBD and other N-terminal se-
quences.
In a previous analysis of C. elegans NR DBD sequences,
NHR-25 consistently grouped with members of the FTZ-F1
subfamily (Sluder et al., 1999). We have expanded this
nalysis to include both DBD and LBD sequences, compar-
ng NHR-25 to representative members of the major NR
ubfamilies defined in a comprehensive analysis of NR
volution (Laudet, 1997). The results further support the
nclusion of NHR-25 in the FTZ-F1 subfamily (Fig. 2). A
nique feature of the FTZ-F1 NR family is the 23-amino-
cid FTZ-F1 box, an additional DNA binding region located
mmediately C-terminal to the core DBD (Ueda et al.,
992). NHR-25 has a FTZ-F1 box that is nearly identical to
hose of other FTZ-F1 family members (Fig. 1C), and the
ositions at which the NHR-25 FTZ-F1 box sequence
iffers from that of other family members are not required
or DNA binding specificity (Ueda et al., 1992). Since only
TZ-F1 members have this motif, its presence strongly
upports the placement of NHR-25 in this NR subfamily.
urthermore, the extensive similarity of the NHR-25 DBD
nd FTZ-F1 box sequences to those of the other FTZ-F1
amily members suggests that the DNA binding properties
f NHR-25 will also be similar to those of other FTZ-F1
eceptors, which bind as monomers to a conserved 9-bp site
Copyright © 2000 by Academic Press. All rightUeda et al., 1992). The NHR-25 sequence also contains two
motifs characteristic of NR LBDs (Fig. 1D).
nhr-25 mRNA Expression
The temporal expression profile of nhr-25, as revealed by
a developmental Northern blot of poly(A)1 RNA from
staged nematode cultures, shows an ;2.4-kb mRNA at all
stages except adult (Fig. 3A). This Northern analysis did not
resolve the 217-nucleotide difference between the two
isoforms. We therefore performed RT-PCR analysis on total
RNA from staged nematode cultures to determine the
temporal expression profile of the nhr-25a and nhr-25b
mRNA transcripts. Isoform-specific PCR was achieved by
using 59 primers that overlapped the specific SL1 splice sites
f the two transcripts. Detection of mRNA from the RNA
olymerase II subunit gene ama-1 was used as a control to
llow comparisons of transcript levels between stages
Johnstone and Barry, 1996). Both the nhr-25a and the
hr-25b transcripts were detected in all stages (Fig. 3B).
Furthermore, based on detection in serial dilutions relative
to ama-1 mRNA levels, both nhr-25 transcripts are more
ighly expressed in embryos and L1–L3 stages than in the
4 and adult stages. Control reactions demonstrated that
he efficiencies of PCR for the two nhr-25 reactions do not
ary by more than twofold (data not shown). Thus we
onclude that nhr-25a and nhr-25b have similar temporal
expression profiles.
The nhr-25 Promoter Is Active in Hypodermal Cell
Lineages
Two different nhr-25<GFP fusion genes (Fig. 1B) revealed
the spatial expression pattern of nhr-25. The pCG5 con-
struct contains only a isoform sequence, while pCG9
hould permit utilization of both 59 ends. Reporter gene
xpression patterns were analyzed for the integrated pCG5
ransgenic array atIs13 and for each of the pCG9 transgenes
tEx32 and atEx35. For all three transgenes, the nhr-25
promoter is active in the hypodermal (epidermal) cells of
embryos and L1 larvae (Figs. 4A–4C). All three transgenes
showed similar patterns of expression, although expression
in atIs13 larvae was faint.
There are five major groups of hypodermal cells in C.
elegans: the hyp7 syncytium, the V (or lateral seam) cells,
the ventral P cells, and the hypodermal cells of the head and
tail (White, 1988). In comma- to 1.5-fold-stage transgenic
embryos, the nhr-25<GFP fusion genes are expressed in the
V cells, P cells, and hyp7 (Fig. 4A). Expression of NHR-
25<GFP has also been observed in the head and tail
hypodermal cells of embryos, but the expression is variable
from animal to animal and the exact cells have not been
identified. The earliest observed NHR-25<GFP expression
is at ;250–300 min postfertilization, soon after the hypo-
dermal cells are generated (data not shown).
The nhr-25 promoter is also active in the hypodermal
cells of larvae. atEx32 and atEx35 L1 animals exhibited
s of reproduction in any form reserved.
263Nematode ftz-f1 OrthologFIG. 1. nhr-25 gene structure and sequence alignment. (A) Splicing pattern of the two nhr-25 transcripts. Black boxes indicate coding
exons. Numbers below the exons indicate exons 1 and 3. (B) nhr-25<GFP reporter constructs. (C) Alignment of the core DBD and FTZ-F1
box regions of selected FTZ-F1 family members. The zinc-coordinating cysteines of the DBD are indicated with asterisks. The first
methionine encoded by the b transcript is indicated. (D) Alignment of the LBD regions of selected FTZ-F1 family members. The
characteristic “signature” and “AF-2 core” motifs are marked as in Wurtz et al. (1996). Black boxing indicates residues identical in .60%
of the sequences, and gray boxing indicates conservative amino acid changes. Sequences included in the alignments are identified under
Materials and Methods.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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264 Gissendanner and Sluderconsistent reporter expression in the hyp7 and P cell nuclei.
The P cell expression, in particular, was very strong at
hatching (Fig. 4B). NHR-25<GFP expression in the P cell
and hyp7 nuclei generally decreased during mid-L1, but
frequently increased again during late L1 (data not shown).
At hatching no expression is observed in the V cells. In
mid-L1 the V cells divide and the anterior daughters fuse
with the hyp7 syncytium. These anterior daughters begin to
express the nhr-25<GFP transgene as they join the syncy-
tium (Fig. 4C). Strong expression is also seen in the head
(Fig. 4D) and tail (not shown) hypodermal nuclei of L1
larvae. Transgene expression in the hypodermal nuclei of
older larvae is similar to that in the L1 stage (not shown).
NHR-25<GFP expression decreases markedly in adults,
FIG. 2. Neighbor-joining tree of selected NR sequences, generated
with CLUSTAL W as described under Materials and Methods. One
thousand bootstrap replicates were performed, and bootstrap val-
ues greater than 50% are indicated by hatch marks on the sup-
ported branches: (/) 50–79%, (//) 80–94%, (///) 95–100%. Branch-
points marked with dots were preserved in a maximum parsimony
tree at bootstrap confidence levels greater than 50%. Sequences
included are identified under Materials and Methods.consistent with the Northern blot results.
Copyright © 2000 by Academic Press. All rightNHR-25<GFP expression is also observed in other ecto-
ermal cells. In L1, expression is observed in the G2
excretory pore) cell and in a cell tentatively identified as
he W neuroblast (Fig. 4D). In older larvae, expression
ontinues in G2 but disappears in the W lineage once the
ell divides to generate neurons. Beginning in L2, NHR-
5<GFP is expressed in the region around the rectum (Fig.
E); the expressing cells have been tentatively identified as
art of the rectal epithelium. Expression is also occasionally
bserved in the anterior pharynx, in nuclei with positions
onsistent with those of the pharyngeal epithelial cells
data not shown). In males, the V5, V6, and T seam cells
enerate the specialized epidermal and sensory structures of
he male tail used in copulation (Emmons et al., 1997). In
idlarval transgenic males, NHR-25<GFP is expressed in
ail nuclei with positions consistent with these male-
pecific epidermal cell lineages (Fig. 4F).
nhr-25 Function Is Required for Proper
Hypodermal Development
RNA-mediated interference (RNAi, Fire et al.) was used
to examine the requirement for nhr-25 function during
evelopment. The majority (87%) of the progeny of wild-
ype hermaphrodites injected with double-stranded nhr-25
NA (designated nhr-25(RNAi) animals) died as embryos or
oung larvae (Table 1). Of the nhr-25(RNAi) animals that
did hatch, the majority were abnormal and arrested growth
at the L1 or L2 stage. The few animals that progressed to
adulthood were sterile and vulvaless (71/72 adults). F1
progeny of mock-injected control animals were unaffected
(Table 1). To minimize the potential for cross-interference
with other C. elegans nuclear receptor genes, the double-
stranded nhr-25 RNA employed did not include the highly
conserved DBD coding sequences.
Arrested embryos were observed under Nomarski optics
to determine the terminal embryonic phenotype. The ear-
liest arrest point is at or just prior to the twofold stage of
embryogenesis. Of the embryos scored (n 5 52), most
progressed to at least the twofold stage of development, and
some (12/52) progressed to threefold. Arrested twofold em-
bryos frequently had tissue that extruded from the body
(Fig. 5A); 5 embryos that did not appear to have reached the
twofold stage exhibited very severe tissue extrusion that
would have masked any morphogenesis. Arrested embryos
displayed twitching movements indicative of muscle differ-
entiation, and the differentiation of pharyngeal and gut
structures also appeared normal. Hypodermal differentia-
tion in nhr-25(RNAi) embryos was assessed using a jam-
1<GFP transgene (Mohler et al., 1998). jam-1 encodes the
cell adhesion molecule recognized by the MH27 antibody,
and JAM-1 expression is an early marker of hypodermal
differentiation (Waterston, 1988; J. Hardin, pers. comm.).
All arrested or defective embryos expressed JAM-1<GFP
(data not shown), indicating that hypodermal differentia-
tion had occurred.nhr-25(RNAi) larvae (n 5 37) were dumpy and uncoor-
s of reproduction in any form reserved.
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265Nematode ftz-f1 Orthologdinated and exhibited posterior patterning defects, all of
which varied in severity from animal to animal (Figs. 5B
and 5C). A number of larvae also exhibited anterior pattern-
ing defects such as “kinked” or “notched” noses. In addi-
tion, some of the larvae examined 481 h postlay (7/23
scored) were unable to shed their cuticle properly after
molting, as whole cuticles or parts of cuticles remained
attached to the rectum (Fig. 5C). Arrested L1–L2 larvae and
older “escapers” were also frequently constipated, perhaps
due to the posterior patterning and/or cuticle shedding
defects.
Given the expression of the reporter construct in male
tail nuclei, RNAi experiments were performed to determine
if male tail development was affected by disruption of
nhr-25 function. Homozygous him-8(e1489) hermaphro-
dites, which segregate ;37% males (Hodgkin et al., 1979),
were injected with nhr-25 double-stranded RNA. All of the
F1 males that progressed to the late larval or adult stages
FIG. 3. Developmental profile of nhr-25 mRNA expression. (A) N
oly(A)1 RNA of the stage indicated. To verify the presence of mRN
probe used included sequences highly conserved in all four C. eleg
al., 1989). (B) RT-PCR detection of transcripts in staged mRNA prep
factor denotes treatment of first-strand cDNA preparation prior
emplate.(n 5 5) displayed defects in tail morphology (Fig. 5I). F1
Copyright © 2000 by Academic Press. All rightmales from mock-injected him-8(e1489) hermaphrodites
were unaffected (Fig. 5J).
These embryonic, larval, and adult male phenotypes are
consistent with defects in hypodermal development and
function. Specifically, the twofold arrest and the larval and
male tail patterning phenotypes demonstrate defects in
particular epidermal morphogenetic processes. In addition,
the cuticle shedding defects implicate nhr-25 in molting
see Discussion); consistent with a possible role for nhr-25
n the regulation or execution of molts, expression of both
hr-25 mRNA and the nhr-25<GFP fusion gene is main-
ained throughout the larval stages but not in the adult
tage following the final molt (Fig. 3 and data not shown).
Somatic Gonad Development Requires nhr-25
Function
As noted above, the few nhr-25(RNAi) animals that
reached the adult stage were sterile. These sterile adults
ern analysis of nhr-25 mRNA (top). Each lane contained 2 mg of
all lanes, the blot was reprobed for actin mRNA (bottom). The act-1
ctin genes and detects transcripts from multiple genes (Krause et
ons, performed as described under Materials and Methods. Dilution
R amplification using 1 ml of the indicated cDNA solution asorth
A in
ans a
arati
to PCdisplayed defects in somatic gonad development (Fig. 5G).
s of reproduction in any form reserved.
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266 Gissendanner and SluderIn older nhr-25(RNAi) larvae (late L3 to L4) uterine and
permathecal structures were absent or disorganized (Fig.
E). When these animals became adults, oocytes were
enerated but were never fertilized. Additionally, the cen-
ral portion of the gonad, where the uterus is normally
FIG. 4. nhr-25<GFP expression. Epifluorescence (A–G, I) and DIC
(H, J) micrographs of nhr-25<GFP transgenic embryo and larvae.
Anterior is to the left in all pictures. Scale bars, 1 mm. (A) 1.5-fold
tIs13 embryo. (B) atEx35 L1 larva. (C, D) atEx32 L1 larvae. (E)
atEx32 L2 larva. Arrow indicates expression within rectal epithelia.
(F) Expression in the developing tail (bracket) of an atEx32 L3 male.
G, H) Expression in the somatic gonad of an atEx32 L2 larva.
Brackets indicate gonad primordium. (I, J) atEx32 L3 hermaphro-
dite. Arrows indicate the anchor cell.ound, became enlarged with excess nuclei in nhr-25(RNAi) c
Copyright © 2000 by Academic Press. All rightdults (Fig. 5G). Other abnormalities, such as gonad migra-
ion defects, forked gonads, and multiple gonad arms, were
lso observed but varied from adult to adult (data not
hown).
These phenotypes indicate a role for nhr-25 in somatic
onad development, especially in the lineages that generate
he uterus and spermatheca. The nhr-25<GFP transgene is
xpressed in the L2 gonad (Fig. 4G). Based on position the
xpressing cells have been tentatively identified as descen-
ants of Z1.p and Z4.a, the somatic gonad precursors that
ive rise to the anchor cell, the uterus, and portions of the
permatheca (Kimble et al., 1979). Expression in these
uclei is subsequently lost, and during the L3 stage somatic
onad expression of NHR-25<GFP is observed only in the
nchor cell (Fig. 4I).
In addition to the gonadal defects, nhr-25(RNAi) adults
xhibited no evidence of vulval development. At L3, the
n.p cells that lie underneath the developing somatic gonad
re induced to form the vulva by the anchor cell of the
omatic gonad (Kimble, 1981). The absence of vulval devel-
pment in nhr-25(RNAi) animals could result from defects
n the responding Pn.p cells, from defects in the anchor cell,
r from a combination of defects in both the signaling and
he responding cells. The current data do not unambigu-
usly distinguish among these possibilities, as the nhr-
5<GFP transgene is expressed both in the P cells and in
he anchor cell. However, it is worth noting that in the
hr-25(RNAi) L3 larvae that were scored, the Pn.p cell
uclei that would normally be induced were present and
ppeared normal except that they had not initiated vulval
orphogenesis (data not shown).
The NHR-25a Isoform Is Required for Somatic
Gonad Development
To investigate the function of the NHR-25a isoform,
NAi analysis was performed using sequences correspond-
ng to the a-specific exons 1 and 2 (Fig. 1A). b-specific RNAi
nalysis is not possible as there are no sequences unique to
he b isoform. Unlike the RNAi analysis that targeted both
isoforms, a-specific RNAi did not generate high levels of
embryonic lethality (Table 1). However, 77 6 24% of the F1
adults from these experiments were sterile and most of the
remaining fertile F1 adults exhibited gonadal and vulval
abnormalities (see footnote to Table 1). The nhr-25a(RNAi)
dults displayed the same suite of gonadal phenotypes as
hr-25(RNAi) adults (data not shown). These data demon-
trate that the NHR-25a-isoform is at least required for
somatic gonad development.
To address further the activities of the a and b isoforms,
eat-shock constructs that would allow ectopic and over-
xpression of the individual isoforms were generated. These
onstructs utilized the hsp16-2 promoter, which functions
ell in the hypodermis as well as in other tissues (String-
am et al., 1992), to control nhr-25 expression. The three
onstructs that were generated are shown in Fig. 6A. pCG10
ontains the entire genomic sequence and will express both
s of reproduction in any form reserved.
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267Nematode ftz-f1 Orthologisoforms. pCG11 does not contain exons 1 and 2 and should
express only the b isoform. pCG12 contains all nhr-25
coding sequences, but the b specific trans-splice site has
een removed by replacing exons 1–4 with an RT-PCR-
enerated cDNA. This construct should thus express only
he a isoform.
Transgenic animals bearing these constructs were sub-
jected to heat-shock treatment during late embryogenesis
(see Materials and Methods). For all transgenics, little
embryonic lethality was observed in these experiments
(data not shown). However, hatched larvae displayed hypo-
dermal defects similar to the phenotypes observed in RNAi
experiments (Figs. 6B and 6C), although the defects in
pCG10 transgenic larvae were less severe (Fig. 6B). No
defects were observed in control embryos transgenic for the
vector containing only the hsp16-2 promoter. No abnor-
malities were observed following early larval heat-shock
treatments, suggesting that the observed defects resulted
from interference with hypodermal development during
embryogenesis. These hypodermal perturbations do not
require NHR-25 DNA binding, as pCG11 transgenic ani-
mals, which overexpress the NHR-25b isoform, displayed
he same range of larval defects following embryonic heat
hock as did pCG10 and pCG12 transgenic animals.
DISCUSSION
We demonstrate here that nhr-25, the C. elegans ortholog
of ftz-f1, plays an essential role in nematode development.
he earliest detected requirement for nhr-25 function is
uring embryo morphogenesis. Morphogenesis of the C.
TABLE 1
Disruption of nhr-25 Function by RNAi Results in Lethality
dsRNA injected No. P0 No. F1 Emb
Mock 6 732 Mean: 0.2
Range: 0–
nhr-25 8 1018 Mean: 66
Range: 53
nhr-25a 13 1313 Mean: 5 6
Range: 0–
Note. Injections and assessment of lethality were performed
ermaphrodites injected. No. F1, total number of progeny scored.
ndividual parent and are presented as the means of the values for th
o. eggs laid. % larval arrest, No. hatched larvae that arrested/tot
he “missing” progeny class is defined under Materials and Meth
a Nearly all progeny of nhr-25a-injected P0s reached adult stage. 2
examined using DIC optics. Of these, 77 6 24% (13–100%) were st
xhibited at least some degree of gonadal and/or vulval abnormalilegans embryo from a sphere of cells into a vermiform
Copyright © 2000 by Academic Press. All righthape is initiated by the ventral migration of dorsally
ocated hypodermal cells to enclose the embryo (Williams-
asson et al., 1997). Subsequent elongation of the embryo
s driven by contractions of circumferential actin fibers
ithin the hypodermal cells (Priess et al., 1986). Mutations
n genes required for specification of the hypodermis lead to
mbryonic arrest prior to or very early in morphogenesis
Labouesse et al., 1994; Page et al., 1997). The earliest
observed arrest point in nhr-25(RNAi) animals was during
the elongation process, at the twofold stage of embryogen-
esis, accompanied by an extrusion of internal tissue. This
tissue extrusion is similar to that observed when hypoder-
mal cells are ablated during elongation (Priess et al., 1986).
The fact that nhr-25(RNAi) embryos initiated elongation
prior to arrest indicates that the initial specification and
early differentiation of the hypodermis had occurred. This
conclusion is supported by the expression in nhr-25(RNAi)
embryos of jam-1, an early hypodermal differentiation
marker, and suggests that nhr-25 is required for the func-
tion and/or integrity of the hypodermis. The morphological
abnormalities observed in nhr-25(RNAi) larvae and male
tails are also consistent with disruption of hypodermal
morphogenetic processes, resembling the phenotypes re-
sulting from a variety of mutations affecting these events
(Kramer et al., 1988; von Mende et al., 1988; Sutherlin et
l., 1994; Chisholm et al., 1995; Ahringer, 1996; Costa et
l., 1998). These phenotypes suggest that genes encoding
ellular components involved in morphogenetic move-
ents may be among those regulated by NHR-25.
Two nhr-25 mRNAs were defined by cDNA clones and
ncode two distinct protein isoforms. The NHR-25b iso-
form lacks the DNA-binding domain. NRs without DBDs
% of total brood arresting as
Larvae Sterile adults Missing
.4% 0 0 0.8 6 1.0%
0–2%
% 21 6 9% 8 6 8% 7 6 2%
11–35% 2–24% 3–9%
ND a 3 6 4%
0–10%
described under Materials and Methods. No. P0, number of
st percentages were determined separately for the brood of each
ividual broods. % embryonic arrest, No. unhatched embryos/total
. eggs laid. % sterile adults, No. sterile adults/total No. eggs laid.
D, no data collected.
adults (all progeny from one 12-h lay window for all parents) were
showing no evidence of embryo production; 94 6 15% (47–100%)ryos
6 0
0.8%
6 11
–81%
7%
26%
as
Arre
e ind
al No
ods. N
19 F1
erile,
ties.have the potential to inhibit, through heterodimerization,
s of reproduction in any form reserved.
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268 Gissendanner and Sludertransactivation by other NRs (e.g., Seol et al., 1996; White
t al., 1997), and NHR-25b could serve a similar function.
he b transcript arises from SL1 trans-splicing to the third
FIG. 5. nhr-25(RNAi) phenotypes. DIC micrographs. Anterior is
o left in all pictures. Scale bars, 1 mm. (A) nhr-25(RNAi) embryos.
Arrow indicates tissue extrusion. (B) nhr-25(RNAi) arrested L1/L2
larva. (C) nhr-25(RNAi) arrested L1/L2 larva exhibiting cuticle
shedding defect. (D) N2 L1 larva. (E) nhr-25(RNAi) L4 larva show-
ng central portion of gonad (bracket). Note absence of vulval
evelopment. (F) N2 L4 larva; bracket indicates region of vulval
evelopment. (G) nhr-25(RNAi) adult. Arrow indicates oocytes in
terine region. (H) N2 adult. Arrow indicates oocyte entering the
permatheca. (I) nhr-25(RNAi); him-8(e1489) male tail. (J) him-
(e1489) male from a mock-injected parent.exon, which is cis-spliced in the a transcript. SL1 trans- (
Copyright © 2000 by Academic Press. All rightsplicing at a cis-splice site has also been observed in other
C. elegans transcripts (Leung-Hagersteijn et al., 1992; Li et
al., 1992; Sano et al., 1995; Barnes and Hekimi, 1997).
Isoform-specific RT-PCR experiments demonstrated that
both nhr-25 mRNAs are expressed in all developmental
stages.
The activities of the two isoforms were assessed by
a-specific RNAi and by ectopic overexpression of the indi-
vidual isoforms. nhr-25a is required at least for the somatic
onad development function of nhr-25, as nhr-25a(RNAi)
dults displayed phenotypes similar to those observed in
hr-25(RNAi) adults. The absence of embryonic lethality in
he nhr-25a RNAi experiments could be due to inefficiency
f the a dsRNA in the embryo or to lack of a requirement
for nhr-25a during embryonic development; our data do not
istinguish between these possibilities. Perturbations of
ypodermal development resulted from ectopic overexpres-
ion of each of the two isoforms during the second half of
mbryogenesis (Fig. 6). As the sequences shared by the two
soforms do not include the DNA-binding domain, these
erturbations most likely result from protein–protein inter-
ctions in which excess NHR-25 interferes with the normal
unction or balance of specific protein complexes. For
xample, homo- or heterodimers of other hypodermally
xpressed nuclear receptors with which NHR-25 can inter-
ct may be sensitive to interference from excess NHR-25, as
ay be their interactions with other transcriptional regu-
atory proteins.
nhr-25<GFP fusion transgenes are expressed broadly in
he hypodermis from midembryogenesis through late larval
evelopment, further supporting a role for nhr-25 in hypo-
dermal development. During the larval stages NHR-
25<GFP expression is strikingly absent from the lateral
seam cells, suggesting that NHR-25 could contribute to the
regulation of genes known to be differentially expressed
between the seam cells and the hypodermal syncytium
(e.g., Liu et al., 1995; Gilleard et al., 1997; Wissmann et al.,
1999). Interestingly, a family of eight NR genes is expressed
exclusively in the seam cells, where the members appear to
function redundantly (Miyabayashi et al., 1999). These
genes thus may play a role complementary to that per-
formed by NHR-25 in the remainder of the hypodermis.
nhr-25<GFP expression is also observed in other cells
contributing to epithelial structures, including the excre-
tory pore cell, the rectal epithelium, and somatic gonad
precursors. Thus nhr-25 appears to be expressed in a subset
f the cells expressing the gene lin-26, which encodes a
resumptive transcription factor required for the specifica-
ion and maintenance of ectodermal and mesodermal epi-
helial cells (Labouesse et al., 1994, 1996; den Boer et al.,
998). The somatic gonad phenotype exhibited by nhr-
5(RNAi) late larvae and adults is similar to that associated
ith a loss of lin-26 function in the somatic gonad (den Boer
t al., 1998). Embryos homozygous for the most severe
in-26 mutant alleles frequently arrest prior to the initiation
f morphogenesis with a loss of hypodermal cell fates
Labouesse et al., 1994). Thus LIN-26 is required for the
s of reproduction in any form reserved.
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269Nematode ftz-f1 Orthologspecification of epithelial cell fates, whereas NHR-25 ap-
pears to function in the execution of a subset of those fates.
Our results do not indicate whether NHR-25 is ligand
regulated. In mammals the steroidogenic pathway interme-
diates 25-, 26-, and 27-hydroxycholesterols have been iden-
tified as activators of SF-1, though direct binding has not
been shown (Lala et al., 1997). No potential FTZ-F1 ligands
are known in insects. Thus, the role of ligand regulation of
FTZ-F1 family members remains an unresolved issue. In-
terestingly, the NHR-25 LBD has an apparent AF-2 core
motif (Fig. 1D), a conserved sequence element that contrib-
utes to both ligand binding and NR interactions with
coactivators (Darimont et al., 1998; Nolte et al., 1998). This
motif is absent from the known insect FTZ-F1 family
members, suggesting that the function of the NHR-25 LBD
may be more similar to those of the vertebrate FTZ-F1
family members than to that of insect FTZ-F1.
The cuticle shedding defect exhibited by some nhr-
25(RNAi) larvae is similar to that resulting from disrup-
tion of nhr-23, another NR gene that also functions in
hypodermal development (Kostrouchova et al., 1998).
The requirement of both nhr-23 and nhr-25 for proper
execution of the molt is particularly intriguing since the
Drosophila orthologs of both genes (DHR3 and FTZ-F1,
respectively) have been shown to function in the meta-
morphic response to the molting hormone 20-
hydroxyecdysone (Lavorgna et al., 1993; Woodard et al.,
1994; Lam et al., 1997; White et al., 1997; Broadus et al.,
1999). We speculate that nhr-23 and nhr-25 likewise
FIG. 6. Ectopic overexpression of NHR-25 isoforms. (A) Construc
atEx40 larva, following embryonic heat-shock treatment (pCG1
embryonic heat-shock treatment (pCG11 for overexpression of NHfunction in a regulatory cascade for direct regulation of
Copyright © 2000 by Academic Press. All rightnematode molting. Conservation of such a regulatory
cascade would be consistent with the recent proposal of
molting as a defining evolutionary trait for a phylogenetic
grouping of nematodes, insects, and other molting ani-
mals (Aguinaldo et al., 1997). The molting defects ob-
served in RNAi animals could result from a direct dis-
ruption of this proposed regulatory cascade or indirectly
from defects in epidermal differentiation or function.
Dissection of the exact roles of nhr-23 and nhr-25 in the
regulation of nematode molting must await a more
detailed genetic analysis. A full comparison of the func-
tions of the C. elegans genes with those of their apparent
Drosophila orthologs will also require a more compre-
hensive analysis of the early zygotic and larval pheno-
types of the corresponding Drosophila mutants (Carney
et al., 1997; Yu et al., 1997). Nevertheless, the results
described here establish an essential function for nhr-25
in nematodes, adding another phylum to those in which
members of the ancient FTZ-F1 NR family are known to
perform key developmental roles.
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